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A B S T R A C T
Chromatin structure and dynamics are highly controlled and regulated processes that play an essential role in
many aspects of cell biology. The chromatin transition stages and the factors that control this process are
regulated by post-translation modifications, including phosphorylation. While the role of protein kinases in
chromatin dynamics has been quite well studied, the nature and regulation of the counteracting phosphatases
represent an emerging field but are still at their infancy. In this review we summarize the current literature on
phosphatases involved in the regulation of chromatin structure and dynamics, with emphases on the major
knowledge gaps that should require attention and more investigation.
In eukaryotic cells, DNA is wrapped around proteins called histones
to form a structure termed the nucleosomes, the basic unit of chro-
matin. The central histone octamer consist of two H2A/H2B hetero-
dimers and two H3/H4 heterodimers and it is connected to the adjacent
nucleosome core through a linker DNA, usually associated with the
linker histone protein H1. Nucleosomes are organized into 10 nm
chromatin fibres that adopt various secondary structures that are
amenable to interdigitated packing, including a loose zig-zag. This leads
to a hierarchy of globular chromatin domains that allow for effective
functional compartmentalization of the genome (topologically asso-
ciating domains (TADs) [1] and A- and B-compartments) [2] that si-
multaneously compact the long 10-nm fiber to fit in the nucleus [3].
At the beginning of mitosis, Condensin II starts the shortening of the
mitotic chromosomes by generating 200–400 kb loops that are then
subdivided into smaller 80 kb loops by Condensin I; the loops then
acquire a helical arrangement [4]. This organization needs to be dis-
mantled at the end of division when chromatin de-condenses and TADs
are correctly re-established to allow the subsequent cell cycle to begin.
The highly dynamic chromatin structure during the cell cycle is
essential for many processes that safeguard genome stability such as
DNA replication and repair, gene expression and chromatin segrega-
tion. Many factors are involved in controlling chromatin organization,
ranging from histone modifications to ATP-dependent chromatin re-
modelling complexes and non-histone chromosome proteins. The ma-
jority of these factors are susceptible to reversible post-translational
modifications (PTM), including phosphorylation, that regulate their
functions. In this review, we will focus on the role of protein
phosphatases in the regulation of chromatin organization and dynamics
involved in several aspects of chromatin biology, namely chromatin
structure (summarised in Table 1), DNA replication and repair, epige-
netics, and gene expression.
1. Phosphatases in the regulation of chromosome structure
1.1. Chromatin condensation/de-condensation in mitosis
When cells enter mitosis, chromatin condenses and re-models into
distinct rod-shaped structures known as mitotic chromosomes. The
condensin complexes are key to the correct organization of mitotic
chromosomes (reviewed in [5]). In vertebrates two condensin com-
plexes contribute to the chromosome condensation pathway: condensin
I and condensin II [4,6]. They share the same two core proteins (SMC2
and SMC4), but differ in the other three components of the complex:
CAP-H, CAP-G and CAP-D2 for condensin I, and CAP-H2, CAP-G2 and
CAP-D3 for condensin II. Condensin II is nuclear and can bind to
chromosomes in early prophase, whereas condensin I is cytoplasmic
and cannot bind chromosomes until nuclear envelope breaks down. The
phosphorylation status of condensin is critical for its activity [7]; while
protein kinases involved in mitotic entry phosphorylation and in the
activation of condensin I and II have been extensively studied, the
counteracting phosphatases remain elusive. At the beginning of mitosis
CDK1 (Cyclin-Dependent Kinase 1) phosphorylates Thr1415 of the CAP-
D3 subunit of condensin II, which serves as an anchoring site for PLK1
(Polo-like kinase 1), which in turn phosphorylates the condensin II
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complex at Ser288 and enables its binding to chromatin [8,9]. Aurora
B, on the other hand, is the kinase responsible for phosphorylating
condensin I and stimulating its binding to chromosomes after nuclear
envelope breaks down, stabilizing the condensed status of chromo-
somes [10,11].
PP2A (Protein Phosphatase 2A) also plays a role in condensin II
binding to chromosomes; in fact, addition of Okadaic Acid (OA) (an
inhibitor of Protein Phosphatase 1 (PP1) and PP2A) to chromosomes
assembled using mitotic Xenopus egg extract, resulted in the loss of
condensin II from the chromosomes but it did not affect the chromo-
somal association of condensin I or topoisomerase II. Addition of two
purified PP2A complexes back to the PP2A-depleted Xenopus eggs (the
PP2A core dimer (PP2A-Aα and PP2A-Cα) and the B56γ trimer (core
dimer and PP2AB′/PR61/B56γ)) was able to rescue the chromosomal
association of condensin II, however no rescue was obtained with the
B55α trimer (core dimer and PP2A-B/PR55/B55α). Interestingly, both
the PP2A dimer containing PP2Awt and the one with the PP2ACD88N
mutant (which has a weak phosphatase activity) were able to rescue the
localisation of condensin II suggesting that the chromosomal associa-
tion of PP2A, but not its phosphatase activity, is essential for the
chromosomal targeting of condensin II [12]. Depletion of PP2A by
siRNA in HeLa cells also disrupted the binding to chromatin of con-
densin II, but not of condensin I, indicating that this mechanism is
conserved from Xenopus to humans. In addition, PP2A depletion also
showed impairment of KIF4-chromosome binding, but not of Aurora B.
KIF4 is a chromokinesin involved in mitotic chromosome assembly
[13], reinforcing the important role of PP2A on chromosome structure
[12].
Condensin activity is inhibited by dephosphorylation of three of its
subunits, including CAP-G, by PP2A. XCAP-D2, XCAP-G, and XCAP-H,
three subunits of condensin in Xenopus, have been shown to be hyper-
phosphorylated in mitosis and these phosphorylations regulate the
complex affinity for chromatin [8,14].
PP2A interacts with TATA binding protein (TBP) in extracts of mi-
totic cells. TBP exists in cells as part of the TFIID complex and remains
bound to DNA during mitosis; at these mitotic sites it recruits PP2A.
Since TBP interacts with condensin as well, it promotes its depho-
sphorylation mediated by PP2A interaction and leads to the inactiva-
tion of condensin near these promoters to inhibit their compaction. This
mechanism is part of gene bookmarking and therefore links PP2A to the
preservation of the memory of gene activity through mitosis to
daughter cells [15].
Due to the different kinases and multiple phosphorylated condensin
sites during mitosis, it is difficult to believe that just one phosphatase is
responsible for reversing the process, thus further research on con-
densin dephosphorylation and the role of phosphatases in chromatin
condensation would be an interesting avenue to pursue.
Although the role of condensin complexes on chromosome assembly
and segregation can't be argued, there must be other factors that are
involved in chromosome condensation at mitotic entry, as condensin
knockdown in chicken cells showed that chromosomes can still
condense in the absence of condensin [16–18]. This factor, called RCA
(regulator of chromosome architecture), enables condensation of
chromosomes even in the absence of condensin until anaphase, where
chromatin of condensin-depleted cells abruptly changes its structure
resulting in abnormal chromosome segregation and cell death [17].
Repo-man/PP1 phosphatase complex was shown to be involved in
regulating RCA activity, as normal chromosome segregation in con-
densin-depleted cells could be rescued by a Repo-man RAXA mutant,
which is not able to bind and target PP1 to chromatin. CDK1 phos-
phorylates Repo-man at mitotic entry, which disrupts Repo-man/PP1
interaction and chromatin binding. At anaphase, CDK1 levels drop and
dephosphorylated Repo-man is able to recruit PP1 to chromatin where
it dephosphorylates RCA and triggers chromatin de-condensation
[17,19].
Another example of the involvement of PP1 in chromosome con-
densation/decondensation comes from studies where the PP1 targeting
subunit PNUTS (PP1 nuclear targeting subunit) was shown to accelerate
chromosome decondensation in a PP1-dependent manner [20]. How-
ever, the nature of the substrates and the critical networks regulated by
this complex are still unknown.
Chromosome condensation can be induced also outside the M phase
using OA and calcyculin A, two potent PP1 and PP2A inhibitors. This
state of chromatin is called Premature Chromosome Condensation
(PCC). This phenomenon has gained considerable attention in recent
years since it has been linked to genomic rearrangements and diseases
[21,22]. Studies on the structure of PCC-induced chromosomes have
shown that Condensin I and II individually are dispensable for PCC but
the lack of both leads to condensation defects even outside mitosis [23].
Altogether these studies clearly demonstrate that active phosphatases
are needed in interphase to actively maintain a de-condensed chro-
matin. However, the molecular details are still not known.
1.2. Regulation of telomeres
Telomeres are repeated DNA sequences situated at the chromosome
ends that protect the DNA from deterioration and ensure genome sta-
bility. They mostly comprise of 6 to 8 base pairs stretches and the
consensus sequence for vertebrates is TTAGGG. In each cell cycle, due
to the end-replication problem, the telomeres get shorter and the en-
zyme telomerase needs to be recruited to the chromosomes to elongate
and extend the TG-rich terminal repeat sequences. Studies in yeasts
have shown that the action of Tel1 kinase (ATM, ataxia-telangiectasia
mutated, in mammals) is crucial for the recruitment of telomerase to
short telomeres and thus it is to be expected that this process is coun-
teracted by protein phosphatases. In fact this is the case; PP1, through
interaction with the targeting subunit Rif1, is essential for the sup-
pression of TG repeat elongation via Tel1 recruitment inhibition, and
this function is independent of DNA replication. Defective Rif1/PP1
interaction leads to a long-telomere phenotype although it does not
compromise the binding of Rif1 to telomeres, highlighting the crucial
role of the phosphatase activity [24]. PP2A was also shown to be
Table 1
Summary of the known kinases and phosphatases involved in chromosome structure regulation.
Kinases Function Phosphatases Function
Chromatin condensation CDK1 Anchoring site for PLK1 PP2A Condensin II binding to chromatin
PLK1 Condensin II binding to chromatin PNUTS/PP1 Chromosome de-condensation
Aurora B Condensin I binding to chromatin Repo-man/PP1 Chromosome de-condensation
Telomeres ATM (Tel1) Recruitment of telomerase to telomeres Rif1/PP1 Inhibits Tel1 recruitment
DNA-PK Telomeres protection PP2A Inhibits telomerase recruitment to telomeres
Chromosome periphery CDK1 Phosphorylation of perichromosomal proteins Ki-67/PP1 Required for chromosome periphery formation
CK-II
PLK1
Centromeres/kinetochore CDK1 Block CENP-A deposition to centromeres PP1 Enhance CENP-A deposition on centromeres
Aurora A
Aurora B
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involved in regulating the recruitment of telomerase to telomeres. In
this case, PP2A dephosphorylates the telomere binding protein Cdc13
in yeasts and inhibits telomerase recruitment at the G2/M transition,
ending telomere replication and enabling progression through mitosis
[25]. The PP2A scaffolding subunit PR65α is also involved in the reg-
ulation of telomere maintenance as it interacts with the catalytic sub-
unit of telomerase, hTERT, and inhibits its activity in vivo and in vitro
by regulating hTERT subcellular localization [26].
1.3. Chromosome periphery
Mitotic chromosomes are surrounded by a complex network of
proteins and RNA molecules, mainly derived from the nucleolus, called
the chromosome periphery. Although the function and characteristics
of this layer still remain unclear, it is now known that Ki-67, a PP1-
interacting subunit, is required for its formation (see [27,28] for re-
view); Ki-67 depleted cells fail to associate some of the main compo-
nents of the chromosome periphery, including NIFK, B23, and nucleolin
[29]. Loss of the perichromosomal layer did not show any effect on the
mitotic chromosome structure but produced chromosomes collapsing
into a single chromatin mass after nuclear envelope disassembly and
prevented chromosome motility and efficient interactions with the
mitotic spindle. The function of Ki-67 in this respect is to act as a
biological surfactant to disperse mitotic chromosomes by forming an
electrostatic charge barrier [30]. However some of these functions seem
to be independent from its association with PP1 [29] thus opening the
question if any other PP1-associated functions are to be discovered.
Furthermore, the nuclei formed following Ki-67 depletion are
smaller than the control and they possess a single large nucleolus, in-
dicating a possible role of the chromosomal periphery also in the or-
ganization of the nucleolus [29]. The mechanism by which Ki-67 binds
to chromatin and regulates the formation of this compartment is still
under investigation, although Ki-67 association with the chromosomal
periphery during mitosis seems to be regulated by the p150 subunit of
CAF-1 (Chromatin Assembly Factor 1), as shown by shRNA experiments
in HeLa cells [31]. Altogether indicate that Ki-67 is an important player
on chromosome periphery formation that could potentially be used to
unravel the functional characteristics of this mysterious chromosomal
layer.
1.4. DNA replication
As the cell divides, the genome has to be replicated and passed onto
the new generation of cells to ensure that the genetic information is
conserved over generations. During DNA replication, the existing
chromatin structure is disrupted by the passage of the replication fork
to enable DNA polymerase access to the template DNA. At the end of
G1, a pre-replication complex (pre-RC) is formed, composed of 6 ORC
proteins, Cdc6, Cdt1 and Mcm2–7, which is activated at the beginning
of the S phase by several protein kinases, including CDKs and DDK
(Dbf4-dependent kinase). The role of protein kinases on DNA replica-
tion has been extensively studied by several groups (reviewed in [32]),
although only a few phosphatases have been discovered with a function
in this process. Data from different labs using Xenopus egg extracts and
Saccharomyces cerevisiae showed that PP2A is important for the G1/S
transition and the initiation of DNA replication, but not for elongation,
as it is essential for the loading of Cdc45 to the pre-RC, which then
forms the initiation complex [33–35]. Data on human cells also showed
the importance of PP2A inhibition on replication origin firing, as failure
to inhibit PP2A during S-phase leads to increased degradation of Tre-
slin, a crucial factor for pre-RC assembly and Mcm helicase activation,
and results in an extended S-phase mediated by a decrease on the
number of fired replication origins [36].
A role for PP1 on DNA replication has also been reported. Through
its regulatory subunit Rif1, PP1 stabilizes the ORC (origin recognition
complex) at G1 and has a positive role in supporting origin licencing.
However, at the S phase, PP1/Rif-1 complex acts as repressor of origin
activation by counteracting DDK and inhibiting phosphorylation of
Mcm4. While the latter has been reported in several organisms in-
cluding yeast and humans [37–39], the role of PP1 in protecting ORC1
degradation has only been reported in human cells [39]. In this way,
PP1 acts as a regulatory protein to limit the number of origins fired.
Studying the other phosphatases involved and the specific targeted sites
will allow us to have new insights in this important process of the cell
cycle and ways to address any DNA replication problems that might
arise.
DNA polymerase is the enzyme responsible for DNA replication.
There are many different types of DNA polymerases and it has been
reported that most of them need to be phosphorylated at specific sites to
initiate replication [40–42]. One of these studies showed that DNA
polymerase δ is phosphorylated by CK2 in three of its four subunits:
p120, p68, and p12. It was also shown that these phosphorylations are
substrates for PP1 [43]. Although no other phosphatase apart from PP1
has been identified in regulating DNA polymerases, it is to be expected
that, based on the level of phosphorylation of this enzyme, it cannot be
regulated by the activity of just one phosphatase.
After DNA is replicated, chromatin structure needs to be re-estab-
lished. Two pathways have been seen to contribute to this re-estab-
lishment: generation of parental histones that can be recycled behind
the fork, and de novo deposition of newly synthetized histones. In re-
lation to this, it has been shown that H3K27me3 recruits PRC2 to sites
of DNA replication maintaining H3K27me2/3 and ensuring that the
heterochromatin mark is replicated and deposited on the newly formed
DNA. The phosphorylation status of the nearby H3S27 is important for
PRC2 binding to chromatin [44]; as Repo-man/PP1 has been shown to
target H3S27 in mitosis [45], it could be that this complex also plays a
role in maintaining heterochromatin environment after DNA replica-
tion. Similarly, Repo-man/PP1 might act by keeping H3S10 depho-
sphorylated, so HP1 (Heterochromatin Protein 1) can interact with
H3K9me2/3 during replication and recruit the methyltransferase
Suv39. Suv39 methylates H3K9 in adjacent nucleosomes containing
unmodified H3, maintaining the heterochromatin environment after
replication [46]. However, as far as we are concerned, the role of PP1 in
maintaining chromatin structure after DNA replication has not been
studied.
1.5. DNA repair
DNA integrity and stability are constantly challenged by environ-
mental agents and stressors that may cause different grades of DNA
damage. The cell has mechanisms and DNA damage checkpoints es-
sential to recover from lesions and maintain genome integrity. Four
DNA damage checkpoints exist through the cell cycle and they all need
to be inactivated after DNA repair to ensure cell cycle progression. DNA
repair has been extensively studied in Saccharomyces cerevisiae and,
while there are plenty of studies about how the checkpoints are acti-
vated, there is not much known about how they are inactivated. The
DNA damage response (DDR) starts with the activation of the ATM and
ATR (ATM and Rad3-related) kinases, which phosphorylate a number
of proteins that will activate the DDR cascade. ATM and ATR activation
are regulated by the action of several phosphatases, including PP2A,
PP1, Wip1 (Wild-type p53-Induced Phosphatase 1), and PP5. PP2A has
been demonstrated to interact with ATM, and inhibition of the phos-
phatase induced auto-phosphorylation of ATM at Ser1981, although it
did not correlate with an increase of the kinase activity, suggesting that
PP2A is not dispensable for ATM activation. However, ionizing radia-
tion was able to disrupt PP2A-ATM binding and this dissociation re-
quired ATM kinase activity, suggesting that ATM auto-phosphorylation
or ATM-mediated phosphorylation of PP2A could be important for
complex dissociation. After IR exposure, PP2A would dissociate from
ATM enabling its auto-phosphorylation and interaction with targeted
protein to start DNA damage repair [47]. Similarly, PP5 also interacts
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with ATM in a DNA damage-dependent manner and regulates its acti-
vation, as down-regulation of PP5 attenuated DNA damage-induced
ATM activation [48]. Furthermore, Wip1 was able to dephosphorylate
ATM at Ser1981 and decrease its activity [49]. These phosphatases are
also important for the regulation of other DDR-related factors, in-
cluding Chk1, Chk2, p53, BRCA1, and pRB [50].
1.6. Centromere/kinetochore regulation
Chromosome segregation is facilitated by the formation of kine-
tochores at the centromeric regions of the chromosomes that enable
microtubule attachment to pull sister chromatids apart. These protei-
naceous structures are also involved in the surveillance mechanism
known as the spindle assembly checkpoint (SAC); this mechanism
controls that sister chromatids are properly attached to the mitotic
spindle and signals when it is safe for the cell to progress to anaphase.
Once more, the right balance between kinases and phosphatases is
critical for the formation of kinetochores and the proper activation of
SAC.
Since the role of PP1 and PP2A in the SAC has been extensively
studied and excellent reviews are available on the topic [51,52], we
would like to highlight here only the aspect related to the organization
and structure of the centromeric chromatin.
At the core of the centromere is CENP-A, a centromere specific H3
variant that replaces histone H3 only at the centromeric domain. CENP-
A deposition does not occur during S phase but only after cells have
divided, in G1. CDK1 inactivation and phosphatase activity are essen-
tial for its incorporation [53]. At late G2/early mitosis, Aurora
A+Aurora B and CDK1 phosphorylate CENP-A at Ser7 and Ser68,
respectively [54,55]. The function of Ser7 phosphorylation (Ser7ph)
has been controversial but the general consent is that it is important for
Aurora B localization at centromeres. In fact CENP-A mutants lacking
this phosphorylation cannot rescue the mitotic defects caused by the
loss of endogenous CENP-A [56]. Ser7ph is reversed during mitotic exit
and, considering that this residue is homologue to the Ser10 on the
canonical H3, we hypothesised that Repo-man/PP1 was the dedicated
phosphatase. In fact, this seems to be the case (Fig. 1); cells transfected
with a hyperactive form of the Repo-man (GFP:Repo-manTA3) [63], do
not present CENP-A ser7ph on mitotic cells. However the consequences
of the lack of CENP-A de-phosphorylation are still under investigation.
Ser68 phosphorylation has been shown to impair CENP-A binding to
HJURP, an assembly factor that mediates CENP-A deposition to cen-
tromeres. During anaphase, PP1α antagonises this effect and removes
the phosphate group to enable HJURP binding and proper loading of
CENP-A to the centromeres [57]. Other phosphorylable sites of CENP-A
have been described [54,58], although the responsible phosphatases
that counteract this action have not been identified and would be an
interesting field to pursue.
Within the SAC response, Aurora B destabilizes erroneous attach-
ments and activates the SAC, which monitors the lack of tension.
Shugoshin (in collaboration with histone H3Thr3 phosphorylation by
Haspin kinase) is also important for the loading of Aurora B complex
[59,60] to centromeres and ensures the bipolar attachment of kine-
tochores. The conserved SAC protein kinase Bub1 plays a role in
chromosome congression and an auxiliary role in SAC activation by
phosphorylation of H2AS121. This phosphorylation allows the binding
of Shugoshin [61] and causes a reduction in pericentric chromatin
dynamics [62] thus modulating the SAC response. The counteracting
phosphatases for H3Th3ph is Repo-man/PP1 [63,64] but there is no
candidate for the H2AS121ph as yet.
2. Protein phosphatases in the regulation of gene expression
2.1. RNA polymerase II
RNA polymerase II (RNAPII) possesses an evolutionary conserved C-
terminal domain (CTD) made up of multiple 7 amino acid repeats that is
susceptible to phosphorylation. CTD phosphorylation status, highly
dynamic during the transcription cycle, is critical for many steps, as it
acts as a scaffold for diverse nuclear factors. The serines mentioned in
the text are numbered according to their position within the CTD re-
peat. Phosphorylation of Ser5 is important to recruit enzymes that cap
the 5′ end of the transcript, whereas phosphorylation of Ser2 activates
elongation and splicing. Subsequent dephosphorylation of these sites is
needed to finish transcription and enable detachment of RNAPII of the
gene. Fcp1 phosphatase specifically dephosphorylates Ser2 [65], while
Ssu72 and Rtr1 in yeast, and SCP1 and RPAP2 in mammals are re-
sponsible for Ser5 dephosphorylation (see [66] for review). PNUTs/PP1
was also shown to target Ser5ph, as PNUTs/PP1 co-localize with
RNAPII at transcriptionally active sites and Drosophila PNUTs mutants
increased the levels of RNAPII Ser5ph levels but not of Ser2ph [67].
Ser7 on RNAPII is also susceptible to phosphorylation, although the
specific role of this modification is not understood. Mutation of Ser7 to
glutamate, a phosphor-mimic, is lethal thus indicating that Ser7 de-
phosphorylation is crucial for cell viability; Ssu72 is the phosphatase
responsible for this dephosphorylation [68]. The transcription factor
Sp3 inhibits the transition of paused RNA Pol II to productive elonga-
tion at the promoter of the cyclin-dependent kinase inhibitor p21CIP1
and other Sp3-repressed genes by recruiting PP1 to the promoter [69].
For an extended review on RNAPII dephosphorylation please see [70].
PP1 is also implicated in other aspects of transcription and in fact all
the three PP1 isoforms (PP1α, PP1β, PP1γ) have been found bound to
promoters in HeLa cells by methylation-based DamID profiling. It seems
that this binding is not direct but it is regulated by other PP1 interacting
subunits (PIPs); PNUTS and NIPP1 (Nuclear inhibitor of PP1) show the
highest degree of overlaps with PP1 at promoters but the majority of
PP1 binding sites do not overlap with any of the major chromatin-as-
sociated subunits, suggesting that PP1 is recruited to promoters by
other yet uncharacterized targeting subunits [71]. In addition, in vivo
experiments in Drosophila showed that PNUTS/PP1 is important for
development and loss of PNUTs affects the transcription of the majority
of genes in developing larvae [67]. NIPP1 has been shown to affect the
expression of proliferation-related genes by controlling the phosphor-
ylation status of EZH2 [72,73].
2.2. Protein phosphatases in epigenetic regulation
Chromatin remodelling and function is also controlled by changes in
DNA methylation, histone variants and their post-translational mod-
ifications. These mitotically transmissible but potentially reversible
modifications are referred to as epigenetics. The epigenetic landscape is
crucial for chromatin structure and dynamics, and many epigenetic
marks have been described for different stages of the cell cycle.
Histones are modified at several sites and phosphorylations are among
those modifications (Fig. 2). Although much attention has been placed
on the enzymes that reverse the acetylation, methylation, ubiquitina-
tion (generally referred to as “epigenetic erasers”) much less emphasis
has been given to the identification of the enzymes that erase the
phosphorylation marks. Only recently new studies have shed light on
how some of these phosphorylations are removed but it is still quite an
uncharted territory.
Here we summarize the specific histone phosphorylation modifica-
tions that are regulated during the cell cycle (see also [74]), empha-
sizing the role of protein phosphatases in the regulation of chromatin
remodelling (Fig. 2).
2.2.1. Histone phosphorylation during mitosis
As cells enter mitosis, Aurora B kinase is activated and phosphor-
ylates Ser10 and Ser28 on histone H3. This phosphorylation starts at
pericentromeric heterochromatin and it spreads along the entire length
of chromosomal arms [75]. H3S10 and H3S28 phosphorylation starts in
early prophase coinciding with chromosome condensation, reaches its
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maximum in metaphase, and the levels decrease as cells enter ana-
phase. Phosphorylation of H3T3 by Haspin is also important in mitosis,
especially for kinetochore-microtubule attachment and error correc-
tion, as it serves as a docking site for Survivin, which mediates CPC
(Chromosomal Passenger Complex) accumulation at the centromeres
and proper Aurora B activation. Bub1 kinase was also shown to co-
operate with Haspin in targeting CPC to the centromeres by phos-
phorylation of H2AT120, which appears to regulate H3T3ph distribu-
tion [76]. All these mitotic phosphosites of Histone H3 (T3, S10 and
S28) are removed during mitotic exit by the Repo-man/PP1 complex.
At mitotic entry, the activation of CDK1 phosphorylates Repo-man at
different sites and decreases its affinity to PP1 and chromatin
[63,77,78]. In early anaphase, when CDK1 is inactivated, PP2A and PP1
contribute to Repo-man de-phosphorylation, enabling its binding to
chromatin and recruitment of PP1 to chromosomes, where it depho-
sphorylates H3T3, H3S10, and H3S28 [45,63,77]. H3T3 depho-
sphorylation results in CPC delocalization from chromatin to the central
spindle to allow proper chromosome segregation. Dephosphorylations
of H3S10 and H3S28 play a role on chromatin transcription regulation
by controlling the chromatin binding of HP1 and PRC2, respectively
(seen in more detail later in this review). [45,63,64,77]. Although the
phosphorylation of S10 and S28 do correlate with chromosome con-
densation, they are not required for it in vertebrates [79]. However,
mutation of Ser10 to a non-phosphorylable residue in S. pombe presents
several mitotic defects, including impaired chromosome segregation
[80], but the same mutation in S. cerevisiae does not show any mitotic
impairment [81], indicating that the importance of this histone mod-
ification might vary between organisms.
Furthermore, H3T11 is also phosphorylated in mitosis by the death-
associated protein (DAP)-like kinase (Dlk) and localises to the cen-
tromeres from prophase to early anaphase; this modification appears to
have a role in kinetochore assembly [82].
Histone H1 is also regulated in a cell cycle-dependent manner, and
its phosphorylation significantly increases during mitosis and S phase.
Several phosphorylated sites have been identified for H1 and they have
been related with chromatin decondensation rather than chromatin
condensation [83]. H1 was shown to bind HP1 and stabilize the com-
pacted chromatin structure, and its phosphorylation by CDK2 disrupts
H1-HP1 binding, destabilizing chromatin and enabling proper cell
cycle-progression [84]. It is believed that the number of phosphorylated
sites in H1 is the important aspect for the functions rather than the
specific residues themselves [85]. However, the phosphatases acting on
the H1 sites are not known.
2.2.2. Histone phosphorylation in DNA damage response
An important epigenetic mark for DNA damage response (DDR) is
the phosphorylation of the histone variant H2AX at Ser139 by ATM,
ATR, and VRK1 (Vaccinia related kinase 1) [86–88]. H2AXS139ph,
commonly referred to as γH2AX, is involved in diverse DDR pathways,
including non-homologous end joining (NHEJ), homologous re-
combination (HR), and replication-coupled DNA repair, and it is widely
used as a marker for double strand breaks DNA-damage. After 30min of
DNA damage, ATM/ATR are recruited to the chromatin, where they
phosphorylate H2AX at Ser139, and the mark then spreads around the
chromatin to decondense chromatin and serves as a signalling platform
to recruit specific DNA damage factors [74,89]. VRK1 activation upon
IR is also required for the formation of γH2AX foci, which could be
explained by the fact that VRK1 knockdown resulted in lack of ATM
activation [88]. Once DNA damage has been repaired, γH2AX needs to
be removed from the chromatin to ensure proper progression through
the cell cycle. Some controversies exist in whether γH2AX is replaced









































Fig. 1. Overexpression of GFP:Repo-manTA3 (GFP-
RMTA3), a hyperactive form of Repo-man, causes
dephosphorylation of CENP-A Ser7ph in early mi-
tosis (compare panels 4 with 9). DT40 cells were
transfected with GFP-RMTA3 then fixed and stained
for CENP-A phSer7 (A). The intensity of CENP-A
phSer7 at each centromere was measured and
quantified (B). Scale bars: 15 μm. Experiment con-
ducted by Thomas William Monteiro Crozier.
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dephosphorylated after DNA is repaired. In yeast, γH2AX is depho-
sphorylated by the HTP-C phosphatase complex (histone H2A phos-
phatase complex), enabling DNA damage checkpoint recovery [90]. In
mammals, many phosphatases seem to be involved in γH2AX depho-
sphorylation, including PP2A, Wip1, PP6, and PP4, as shown by siRNA
experiments where inhibition of any of the phosphatases resulted in
increased γH2AX foci persistence, inefficient DNA repair, and hy-
persensitivity to DNA damage [91–95]. This is in agreement with the
fact that all these phosphatases are involved in ATM activity regulation,
as we have previously seen in this review. In the case of PP6, DNA-
dependent protein kinase (DNA-PK) is responsible for recruiting PP6 to
damaged sequences to dephosphorylate γH2AX and release the cell
from G2/M checkpoint [95], whereas in the case of Wip1, it seems that
ATM and Chk1/2 kinases regulate Wip1 activity through the phos-
phorylation of p53. p53 phosphorylation indirectly increases Wip1 le-
vels, which in turn dephosphorylates p53 itself, γH2AX, and some other
checkpoint substrates leading to checkpoint inactivation. To date, the
specific checkpoint substrates dephosphorylated by Wip1 are not
known [92,93].
H2AS122 also seems to be phosphorylated upon DNA damage and,
although it is not crucial, it facilitates survival in the presence of DNA
damage [96].
H2AX can also be phosphorylated in Tyr142 (Y142), although it is
found at very low levels in cells (< 1%) [97]. Y142 is phosphorylated
by the WICH complex and dephosphorylated by EYA1/3 upon DNA
damage, contrary to γH2AX [98]. H2AXY142 dephosphorylation is
important for γH2AX stability and failure to dephosphorylate this re-
sidue results in a decreased accumulation of DDR factors at DNA da-
mage sites.
Ser10 and Thr11 on H3 are also susceptible to modifications upon
DNA damage; in mouse, both residues are dephosphorylated after UV
radiation-induced DNA damage and re-phosphorylated after repair
[99,100]. However, the specific function of these alterations and the
responsible phosphatases are yet to be discovered.
Phosphorylation of histone H4 at Ser1 by CKII also plays a role in
DDR [101]. ChIP experiments showed that this phosphorylation is re-
stricted to small regions around the DNA damage sites and appear later
than γH2AX, indicating a role in later stages of the DDR. Mutations to a
non-phosphorylable residue do not increase sensitivity to genotoxic
agents, thus H4S1ph does not seem to be essential for DNA repair
[102,101].
Another recently identified DNA damage-related histone modifica-
tion is the phosphorylation of Tyr51 on H4 by TIE-2 upon ionizing
radiation. H4Y51ph is recognized by ABL1, a kinase involved in DDR,
and other DDR-related proteins, indicating a positive role of this
modification in DNA repair machinery [103].
Identifying the phosphatases involved in DDR response, as well as


































































Fig. 2. Histone phosphorylation regulation model. The image shows the main phosphorylated residues of histones during different stages of the cell cycle, with the
responsible kinases and phosphatases involved. Residues in red indicate phosphorylation during mitosis; in green during DNA transcription; in blue during DNA
damage; and in light purple during Spindle Assembly Checkpoint (SAC). Histone H2AX is coloured in light green (A), H2A in dark green (B), H2B in purple, H3 in
blue, H4 in pink, and CENP-A in light blue (C). Phosphatases involved are highlighted in orange. RM: Repo-man: PP1, PP2A, PP5, PP6: Protein phosphatase 1, 2A, 5,
6, respectively. ATM: ataxia-telangiectasia mutated; ATR: ataxia telangiectasia and Rad3-related protein; VRK: Vaccinia-related protein kinases; JAK: Janus kinase;
PKC: Protein kinase C; Dlk: death-associated protein (DAP)-like kinase; PRK: Phosphoribulokinase: CKII; Casein Kinase II.
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will allow us to understand how DNA repair is controlled in space and
time in the cell and maybe shed light on why, in some cases, DNA le-
sions escape the checkpoints and can pass into the next generation of
cells, influencing genome stability and leading to different diseases.
2.2.3. Histone phosphorylation associated with transcription regulation
Gene expression is highly regulated by chromatin organization and
structure, and a large number of histone modifications have been linked
to this specific process in response to several stimuli. H3S10, H3S28 and
H2BS32 are phosphorylated upon specific growth factors stimulation
and have been linked to the transcription of growth factor-responsive
genes, including c-fos, c-jun, and c-myc [104–106]. Specifically, in-
creased levels of H3S10ph were found in Ras overexpressing cells
[104], and levels of H2BS32ph are high in EGF treated cells and low in
serum-starved cells [105]. The pleckstrin homology domain leucine-
rich repeat protein phosphatase (PHLPP) seems to counteract this ac-
tivity by dephosphorylating several histone residues, including
H3S10ph, H3S28ph, and H2AS139ph, suppressing growth factor sig-
nalling [107]. According to this, H3S10ph seems to be depho-
sphorylated by MKP-1 (MAP kinase phosphatase 1) upon VEGF and
thrombin stimulation, which might act as a temporal repressor or reg-
ulator of transcriptional machinery to the promoters of inflammatory
genes [108].
Phosphorylation of Thr11 and Thr6 on H3 upon androgen stimu-
lation by PRK1 and PKCβ, respectively, is linked to regulation of an-
drogen-associated genes by controlling H3 methylation levels.
H3T11ph and H3T6ph promote removal of the repressive H3K9me
mark by the Jumonji C (JmjC) domain-containing protein JMJD2C4
[109,110]. Furthermore, H3T6ph was seen to prevent LSD1-mediated
removal of H3K4me1/2, a mark of actively transcribed chromatin
[110]. Upon DNA damage, H3T11ph is dephosphorylated, leading to a
decrease in transcription of genes related to cell-cycle progression [99].
Another histone modification that influences transcription is the
phosphorylation of Tyr41 on H3 by Janus Kinase 2 (JAK2), which has
been seen to disrupt HP1α binding to chromatin, leading to the tran-
scriptional activation of JAK2-regulated genes [111].
Studies on position-effect variegation (PEV) in Drosophila identified
PP1 as a suppressor of variegation, Su(var)3–6, which support the idea
of PP1 as a heterochromatin regulator. Chromosomal rearrangements
or transpositions can lead to euchromatic genes being moved to nearby
heterochromatic regions, which might suppress the expression of genes
that are usually activated. Diverse mutagenesis experiments identified
several genes that enhanced the expression of variegated genes (en-
hancers of variegation, E(var)), and some that suppressed its expression
(suppressors of variegation, Su(var)). Su(var)3–6, which encodes for
PP1, was seen as one of these genes that, once mutated, suppressed the
expression of variegated genes, meaning that in normal conditions Su
(var)3–6 acts as an enhancer of heterochromatin formation [112].
HP1 is a known repressive marker for gene transcription and het-
erochromatin formation, as it binds to histone H3 tri-methylated in
lysine 9 (H3K9me3) and, by forming a bridge with another H3K9me3,
condenses chromatin to form heterochromatin and represses gene ex-
pression [113–116]. Other histone modifications have been linked with
HP1 ability to bind chromatin. As commented above, H3S10ph pre-
vents HP1 binding to chromatin, supporting the role of H3S10ph as a
transcription activator. Repo-man/PP1 was shown to dephosphorylate
H3S10ph at anaphase, allowing the HP1 re-binding to chromatin and
maintaining a repressive chromatin status after mitosis. Repo-man de-
pletion in human cells decreased levels of heterochromatin markers,
namely H3K27me2/3, H3K9me3, and HP1, and increased the levels of
H3K9ac, a marker for active chromatin, indicating an important role of
Repo-man/PP1 on heterochromatin maintenance [45].
Polycomb groups (PcG) proteins are also a family of proteins that
epigenetically alter chromatin in order to repress gene expression,
mainly of genes related to proliferation and differentiation. There are
functionally two different polycomb complexes: Polycomb Repressing
Complex 1 and 2 (PRC1 and PRC2). One of the main components of
PRC2 is EZH2 (Enhancer of Zeste 2), a methyltransferase responsible for
di−/tri-methylation of histone H3 lysine 27 (H3K27me2/3).
H3K27me2/3 is a marker for gene silencing important also for stabi-
lizing HP1 binding to chromatin [117]. HP1 is also phosphorylated; the
phosphorylations appear to mediate its DNA- or RNA-binding ability
and could contribute to HP1 heterochromatin targeting. Moreover,
studies using fly HP1α and fission yeast Swi6 demonstrated defective
heterochromatic silencing in cells expressing a phosphorylation-defi-
cient mutant HP1 [118–120]. No phosphatase has been identified that
mediated the dephosphorylation of HP1.
As in HP1 chromatin binding, the nearby amino acid (H3S28)
phosphorylation status is important for PRC2 binding to H3K27me2/3,
and PP1 plays an important role in its regulation. In early mitosis
H3S28ph is crucial for PRC2 interaction with DNA and cell prolifera-
tion. Two different phosphatases contribute to the maintenance of this
epigenetic landscape. NIPP1, a PP1 regulatory subunit that inhibits
PP1, can bind to phosphorylated EZH2 and block its dephosphorylation
(normally carried out by PP1), thus keeping EZH2 bound to chromatin
[72,73]. NIPP1 was also found to interact with another PRC2 compo-
nent, EED (Embryonic Ectoderm Development), and to act as a tran-
scriptional repressor of targeted genes [121,122]. At mitotic exit Repo-
man/PP1 mediates the dephosphorylation of H3S28, allowing PRC2
binding to chromatin thus playing a role in gene expression regulation.
Depletion of Repo-man in fact alleviates the transcriptional repression
at several polycomb-repressed genes [45].
Other histone phosphorylations are linked to gene transcription
regulation. ChIP experiments revealed a role of H2BS36ph on AMPK-
mediated gene expression. Loss of H2BS36ph resulted in reduced ex-
pression and lower survival rates in response to metabolic stress. The
nearby Tyr37 is also a target residue for phosphorylation by the WEE1
kinase, and it is important for the suppression of replication-dependent
core histone gene transcription [123]. H4S1 is also phosphorylated
upon transcription activation in a CKII-dependent manner and it reg-
ulates acetylation-dependent chromatin relaxation [102]. Additionally,
H4S1 is a substrate of the sporulation specific kinase Sps1, and they are
both enriched in the promoters of sporulation genes, identifying a new
target for proper meiosis. A role of H1 overall phosphorylation has also
been seen in chromatin relaxation to allow transcription probably by
changing the charge of a small domain of H1, although the exact do-
main and the mechanisms are not clear [85].
Taken together it is apparent that histone phosphorylations are
critically important for the regulation of gene expression and, although
many studies have been conducted to elucidate the specific roles of the
phosphorylation sites that regulate transcription, new research on this
area should include the identification of the counteracting phosphatases
responsible for removing the histone modifications to allow a clearer
picture on how transcriptional homeostasis is maintained and regu-
lated.
2.3. Phosphatases in transcription factor regulation
Transcription factors (TF) are also regulated by PTM that can affect
transcription factor function by: 1) controlling the length of time TF are
in the nucleus; 2) targeting them for degradation; 3) modulating its
interaction with other proteins and/or with DNA and 4) modifying
chromatin structure. A typical example of this modulation occurs in
mitosis when most of the transcription factors are excluded from
chromatin as a consequence of their phosphorylation, thus contributing
to the attenuation of transcriptional activity in this stage of the cell
cycle [124]. The re-activation of transcription during mitotic exit [125]
is possibly also associated to the timely and sequential de-phosphor-
ylation of these factors but the molecular details and the phosphatases
involved are not known. Therefore phosphorylation plays a crucial role
in TF regulation and some protein kinases and phosphatases have been
involved in this process, although it is still an area that needs further
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research (Fig. 3).In this section we will review the contribution of
protein phosphatases to the function of major known transcription
factors.
2.3.1. Myc
Myc is a transcription factor crucial for the regulation of genes re-
lated with cell proliferation, differentiation, and apoptosis. Its expres-
sion is controlled at many levels, including protein phosphorylation,
which decreases DNA binding during M phase to enable proper chro-
matin condensation and cell cycle progression [126]. Two main phos-
phorylation sites are known for this protein, Ser62 and Thr58, stabi-
lizing and destabilizing the protein, respectively. In early G1, Ser62 is
phosphorylated by Ras kinases, which, in late G1, enables phosphor-
ylation of Thr58. This status of Myc associates with the isomerase Pin1,
which changes its conformation and enables PP2A binding. PP2A
through its regulatory subunit B56α dephosphorylates S62, targeting
Myc for ubiquitination and further degradation. Thus, PP2A acts as a
tumour suppressor that negatively regulates the very well-known on-
cogene Myc [127,128].
2.3.2. NF-κB
NF-κB (Nuclear Factor κB) family of transcription factors are in-
volved in regulation of genes related to inflammation, immune response
and apoptosis. They are usually kept inactive in the cytoplasm by in-
hibitory proteins (IκB) until a stimulus activates the TNF receptor,
which triggers the phosphorylation of IκB kinase (IKK) which in turn
will target IκB for degradation, releasing NF-κB and promoting its
translocation into the nucleus to control the expression of target genes.
PPM1A and PPM1B, from the PPM family of phosphatases, have been
shown to dephosphorylate IKK in two specific sites (S177 and S181),
thus acting as a regulator of NF-κB activity [129]. Another phosphatase,
PP4, has also been found to be a regulator of NF-κB DNA binding. Al-
though the mechanism is not fully understood, it is known that PP4
interacts with a specific member of the NF-κB family, c-Rel, and acti-
vates NF-κB-mediated transcription [130].
2.3.3. Cys2His2 zinc finger proteins
Cys2His2 (C2H2) zinc finger proteins constitute the largest class of
transcription factors encoded in higher eukaryotes genomes. The zinc
finger modules of these proteins are usually joined by highly conserved
linker sequences that are critical for DNA binding. Some studies have
revealed that phosphorylation of these linker sequences by several
protein kinases decreases DNA-binding affinity, interfering with gene
transcription [131]. Rizkallah et al. [132] demonstrated that this
phosphorylation is tightly synchronized and starts right after DNA
condensation and before nuclear envelope breakdown, and it is re-
versed in telophase. However the nature of the phosphatases involved is
not yet known.
SP1 is one zinc finger transcription factor that binds to GC-rich
motifs of different promoters and regulates many cell processes in-
cluding cell growth, differentiation, apoptosis, and chromatin re-
modelling. Its activity is also regulated by its phosphorylation status.
PP2A has been identified as an important factor in the activation of SP1
by mediating the dephosphorylation of several residues, including
Ser59 and Thr681 during the cell cycle, but not in mitosis [133]. SP1
dephosphorylation increases the affinity of SP1 to chromatin [134] and
activates the transcription of different genes including CYP1A1 and
CREM (cAMP-responsive element modulator) [135].
2.3.4. p53
p53 is a tumour suppressor gene that acts as a transcription factor
by regulating the expression of several cell cycle controls, DNA repair,
and apoptotic genes. Several protein phosphatases are involved in the
regulation of p53 levels and its role as a tumour suppressor, either di-
rectly or indirectly. One of the phosphatases widely known to control
p53 stability is PTEN (Phosphatase and a tensin homologue deleted on
chromosome 10). PTEN acts as an antagonist of the PI3K/AKT pathway,
which allows the translocation of Mdm2 to the nucleus where it in-
teracts with p53 and targets it for degradation. PTEN dephosphorylates
and inhibits PI3K, blocking the translocation of Mdm2 to the nucleus
and stabilizing p53 levels. In accordance, PTEN-depleted cells have
decreased p53 levels and p53+/−;PTEN+/− mice show similar lym-
phoma development as p53−/− animals, highlighting an important
crosstalk between the two proteins. The Wu lab also demonstrated that
PTEN physically interacts with p53 and regulates its transcriptional
activity by modulating its DNA binding affinity [136].
Other phosphatases have been associated to p53 regulation.
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Fig. 3. Phosphatases involved in transcription factor regulation. The graph shows the known phosphorylation sites of the main TF and the corresponded protein
kinases (in black) and phosphatases (in red), indicating the type of genes that they regulate. See text for more details.
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and treatment with a PP2A inhibitor, SV40 small t antigen, promoted
p53-DNA binding and transcriptional activity [137,138]. PP2A has
been shown to be responsible for dephosphorylation of Ser46 of p53,
residue phosphorylated after ionizing radiation to increase p53-induced
apoptotic response [139]. However, PP1 is responsible for depho-
sphorylating p53 at Ser15, which destabilizes p53 [140]. In addition,
overexpression of PTP-S2, a nuclear tyrosine phosphatase, increased the
levels and transcriptional activity of p53 [141]. Altogether these data
seems to indicate that p53 levels are highly regulated by phosphor-
ylation and that many phosphatases are involved in controlling this
balance.
2.3.5. Hox
The Hox gene family contribute to the morphological diversification
of structures of an embryo along the head-tail axis. These genes encode
for homeodomain proteins that bind to DNA and regulate the tran-
scription of target genes. Sex combs reduced (SCR) is a Drosophila Hox
protein that determines the formation of the labial and prothoracic
segments during embryogenesis. In yeasts, a homologue of the reg-
ulatory subunit (B′/PR61) of PP2A was seen to interact and depho-
sphorylate the homeodomain of SCR, regulating its DNA binding affi-
nity [142]. However, a null mutation in the PP2A-B′ gene provided no
evidence in support of a role of PP2A in dephosphorylation and acti-
vation of SCR [143]. The phosphorylation status of Hox genes has been
reported to influence in its DNA binding capacity [144] so it is to be
expected that protein phosphatases will also be involved, although the
specific ones are still not known.
2.3.6. Oct4
Oct4 is a pluripotency transcription factor involved in embryonic
stem cell self-renewal. Recent studies have shown that CDK1 indirectly
regulates Oct4 binding to chromatin and therefore pluripotency-related
gene expression. Upon mitotic entry, CDK1 activation promotes Aurora
B-mediated phosphorylation of Oct4 at Ser229, resulting in Oct4 dis-
sociation from chromatin. At mitotic exit, PP1 appears to be the re-
sponsible phosphatase to dephosphorylate Oct4 and enable its asso-
ciation with chromatin, increasing the transcription of targeted genes
[145,146]. Liquid chromatography experiments identified 13 other
phosphorylation sites for Oct4 [147], although to date only a few ki-
nases and no specific phosphatase holoenzyme responsible for these
modifications have been discovered.
3. Concluding remarks
The plasticity and dynamics of chromatin both during cell division
and interphase is fundamental for the development of an organism and
the maintenance of its health. Several of these aspects are regulated by
phosphorylations. Many phosphorylation sites in several chromatin
regulators have been shown to alter chromatin structure and function
and a good number of kinases responsible for the modifications have
been identified; however, the nature of the counteracting phosphatases
is far less known and studied. Nevertheless, there is evidence showing
that regulation of phosphorylation by phosphatases is as important as
the responsible kinases. In the last decade we have endeavoured to
increase the knowledge of the phosphatase biology by understanding
the principle of their assembly, regulation and mechanism of action. We
still require additional reliable methods for identifying their substrates
recognition and specificity. However with the development of new
technologies for the identification of phosphatase substrates combined
with more precise cell engineering techniques will lead to the discovery
of the major phosphatases as regulators both of chromatin dynamics
and epigenetics.
Conflict of interests
The Authors declare no conflict of interest.
Transparency document
The Transparency document associated with this article can be
found, in online version.
Acknowledgements
Work in the Vagnarelli's lab is supported by BBSC (BB/K017632/1
to P.V.), The Wellcome Trust Investigator Award in Science n. 210742/
Z/18/Z to P.V., and Brunel Idea Award. RSG is funded by an Isambard
scholarship.
The experiment in Fig. 1 was conducted by Thomas William Mon-
teiro Crozier (present address Department of Medicine, Cambridge In-
stitute for Medical Research, Cambridge Biomedical Campus, Cam-
bridge twmc2@cam.ac.uk), a former honour student in the lab.
References
[1] J.R. Dixon, S. Selvaraj, F. Yue, A. Kim, Y. Li, Y. Shen, M. Hu, J.S. Liu, B. Ren,
Topological domains in mammalian genomes identified by analysis of chromatin
interactions, Nature 485 (7398) (2012) 376.
[2] E. Lieberman-Aiden, N.L. van Berkum, L. Williams, M. Imakaev, T. Ragoczy,
A. Telling, I. Amit, B.R. Lajoie, P.J. Sabo, M.O. Dorschner, R. Sandstrom,
B. Bernstein, M.A. Bender, M. Groudine, A. Gnirke, J. Dekker, Comprehensive
mapping of long-range interactions reveals folding principles of the human
genome, Science 326 (5950) (2009) 289–293.
[3] J.C. Hansen, M. Connolly, C.J. McDonald, A. Pan, A. Pryamkova, K. Ray, E. Seidel,
S. Tamura, R. Rogge, K. Maeshima, The 10-nm chromatin fiber and its relationship
to interphase chromosome organization, Biochem. Soc. Trans. 46 (1) (2017)
67–76.
[4] J.H. Gibcus, K. Samejima, A. Goloborodko, I. Samejima, N. Naumova, J. Nuebler,
M.T. Kanemaki, L. Xie, J.R. Paulson, W.C. Earnshaw, L.A. Mirny, J. Dekker, A
pathway for mitotic chromosome formation, Science (2018) eaao6135.
[5] P. Kalitsis, T. Zhang, K.M. Marshall, C.F. Nielsen, D.F. Hudson, Condensin, master
organizer of the genome, Chromosom. Res. 25 (1) (2017) 61–76.
[6] T. Ono, A. Losada, M. Hirano, M.P. Myers, A.F. Neuwald, T. Hirano, Differential
contributions of condensin I and condensin II to mitotic chromosome architecture
in vertebrate cells, Cell 115 (1) (2003) 109–121.
[7] F. Bazile, J. St-Pierre, D. D'Amours, Three-step model for condensin activation
during mitotic chromosome condensation, Cell Cycle 9 (16) (2010) 3263–3275.
[8] S. Abe, K. Nagasaka, Y. Hirayama, H. Kozuka-Hata, M. Oyama, Y. Aoyagi,
C. Obuse, T. Hirota, The initial phase of chromosome condensation requires Cdk1-
mediated phosphorylation of the CAP-D3 subunit of condensin II, Genes Dev. 25
(8) (2011) 863–874.
[9] Y. Kagami, M. Ono, K. Yoshida, Plk1 phosphorylation of CAP-H2 triggers chro-
mosome condensation by condensin II at the early phase of mitosis, Sci. Rep. 7 (1)
(2017) 5583.
[10] J.J. Lipp, T. Hirota, I. Poser, J.M. Peters, Aurora B controls the association of
condensin I but not condensin II with mitotic chromosomes, J. Cell Sci. 120 (7)
(2007) 1245–1255.
[11] W. Antonin, H. Neumann, Chromosome condensation and decondensation during
mitosis, Curr. Opin. Cell Biol. 40 (2016) 15–22.
[12] A. Takemoto, K. Maeshima, T. Ikehara, K. Yamaguchi, A. Murayama, S. Imamura,
N. Imamoto, S. Yokoyama, T. Hirano, Y. Watanabe, F. Hanaoka, J. Yanagisawa,
F. Hanaoka, The chromosomal association of condensin II is regulated by a non-
catalytic function of PP2A, Nat. Struct. Mol. Biol. 16 (12) (2009) 1302.
[13] K. Samejima, I. Samejima, P. Vagnarelli, H. Ogawa, G. Vargiu, D.A. Kelly,
F.L.K.A. Alves, L.C. Green, D.F. Hudson, S. Ohta, C.A. Cooke, C.J. Farr,
J. Rappsilber, W.C. Earnshaw, Mitotic chromosomes are compacted laterally by
KIF4 and condensin and axially by topoisomerase IIα, J. Cell Biol. 199 (5) (2012)
755–770.
[14] X. Robellet, Y. Thattikota, F. Wang, T.L. Wee, M. Pascariu, S. Shankar, E. Bonneil,
C.M. Brown, D. D'Amours, A high-sensitivity phospho-switch triggered by Cdk1
governs chromosome morphogenesis during cell division, Genes Dev. 29 (4)
(2015) 426–439.
[15] H. Xing, N.L. Vanderford, K.D. Sarge, The TBP–PP2A mitotic complex bookmarks
genes by preventing condensin action, Nat. Cell Biol. 10 (11) (2008) 1318.
[16] D.F. Hudson, P. Vagnarelli, R. Gassmann, W.C. Earnshaw, Condensin is required
for nonhistone protein assembly and structural integrity of vertebrate mitotic
chromosomes, Dev. Cell 5 (2) (2003) 323–336.
[17] P. Vagnarelli, D.F. Hudson, S.A. Ribeiro, L. Trinkle-Mulcahy, J.M. Spence, F. Lai,
C. Farr, A.I. Lamond, W.C. Earnshaw, Condensin and Repo-Man–PP1 co-operate in
the regulation of chromosome architecture during mitosis, Nat. Cell Biol. 8 (10)
(2006) 1133.
[18] K. Samejima, D.G. Booth, H. Ogawa, J.R. Paulson, L. Xie, C.A. Watson, M. Platani,
M.T. Kanemaki, W.C. Earnshaw, Functional analysis after rapid degradation of
condensins and 3D-EM reveals chromatin volume is uncoupled from chromosome
architecture in mitosis, J. Cell Sci. (2018) jcs-210187.
[19] D.F. Hudson, K.M. Marshall, W.C. Earnshaw, Condensin: architect of mitotic
chromosomes, Chromosom. Res. 17 (2) (2009) 131–144.
R.S. Gil, P. Vagnarelli BBA - Molecular Cell Research 1866 (2019) 90–101
98
[20] H.B. Landsverk, M. Kirkhus, M. Bollen, T. Küntziger, P. Collas, PNUTS enhances in
vitro chromosome decondensation in a PP1-dependent manner, Biochem. J. 390
(3) (2005) 709–717.
[21] E. Gotoh, M. Durante, Chromosome condensation outside of mitosis: mechanisms
and new tools, J. Cell. Physiol. 209 (2) (2006) 297–304.
[22] M. Ravi, K. Nivedita, G.M. Pai, Chromatin condensation dynamics and implica-
tions of induced premature chromosome condensation, Biochimie 95 (2) (2013)
124–133.
[23] T. Zhang, J.R. Paulson, M. Bakhrebah, J.H. Kim, C. Nowell, P. Kalitsis,
D.F. Hudson, Condensin I and II behaviour in interphase nuclei and cells under-
going premature chromosome condensation, Chromosom. Res. 24 (2) (2016)
243–269.
[24] S. Kedziora, V.K. Gali, R.H. Wilson, K.R. Clark, C.A. Nieduszynski, S.I. Hiraga,
A.D. Donaldson, Rif1 acts through Protein Phosphatase 1 but independent of re-
plication timing to suppress telomere extension in budding yeast, Nucleic Acids
Res. 46 (1) (2018) 3993–4003.
[25] Z.J. Shen, P.H. Hsu, Y.T. Su, C.W. Yang, L. Kao, S.F. Tseng, M.D. Tsai, S.C. Teng,
PP2A and Aurora differentially modify Cdc13 to promote telomerase release from
telomeres at G2/M phase, Nat. Commun. 5 (2014) 5312.
[26] P. Xi, L. Zhou, M. Wang, J.P. Liu, Y.S. Cong, Serine/threonine-protein phosphatase
2A physically interacts with human telomerase reverse transcriptase hTERT and
regulates its subcellular distribution, J. Cell. Biochem. 114 (2) (2013) 409–417.
[27] D.G. Booth, W.C. Earnshaw, Ki-67 and the chromosome periphery compartment in
mitosis, Trends Cell Biol. 27 (12) (2017) 906–916.
[28] X. Sun, P.D. Kaufman, Ki-67: more than a proliferation marker, Chromosoma
(2018) 1–12.
[29] D.G. Booth, M. Takagi, L. Sanchez-Pulido, E. Petfalski, G. Vargiu, K. Samejima,
N. Imamoto, C.P. Ponting, D. Tollervey, W. Earnshaw, P. Vagnarelli, Ki-67 is a
PP1-interacting protein that organises the mitotic chromosome periphery, elife
(2014) 3.
[30] S. Cuylen, C. Blaukopf, A.Z. Politi, T. Müller-Reichert, B. Neumann, I. Poser,
J. Ellenberg, A.A. Hyman, D.W. Gerlich, Ki-67 acts as a biological surfactant to
disperse mitotic chromosomes, Nature 535 (7611) (2016) 308.
[31] T.D. Matheson, P.D. Kaufman, The p150N domain of chromatin assembly factor-1
regulates Ki-67 accumulation on the mitotic perichromosomal layer, Mol. Biol.
Cell 28 (1) (2017) 21–29.
[32] G. Henneke, S. Koundrioukoff, U. Hübscher, Multiple roles for kinases in DNA
replication, EMBO Rep. 4 (3) (2003) 252–256.
[33] X.H. Lin, J. Walter, K. Scheidtmann, K. Ohst, J. Newport, G. Walter, Protein
phosphatase 2A is required for the initiation of chromosomal DNA replication,
Proc. Natl. Acad. Sci. 95 (25) (1998) 14693–14698.
[34] D.M. Chou, P. Petersen, J.C. Walter, G. Walter, Protein phosphatase 2A regulates
binding of Cdc45 to the prereplication complex, J. Biol. Chem. 277 (43) (2002)
40520–40527.
[35] A. Chowdhury, G. Liu, M. Kemp, X. Chen, N. Katrangi, S. Myers, M. Ghosh, J. Yao,
Y. Gao, P. Bubulya, M. Leffak, The DNA unwinding element binding protein DUE-B
interacts with Cdc45 in preinitiation complex formation, Mol. Cell. Biol. 30 (6)
(2010) 1495–1507.
[36] S. Charrasse, A. Gharbi-Ayachi, A. Burgess, J. Vera, K. Hached, P. Raynaud,
E. Schwob, T. Lorca, A. Castro, Ensa controls S-phase length by modulating treslin
levels, Nat. Commun. 8 (1) (2017) 206.
[37] S.I. Hiraga, G.M. Alvino, F. Chang, H.Y. Lian, A. Sridhar, T. Kubota, B. Brewer,
M. Weinreich, M. Raghuraman, A.D. Donaldson, Rif1 controls DNA replication by
directing Protein Phosphatase 1 to reverse Cdc7-mediated phosphorylation of the
MCM complex, Genes Dev. 28 (4) (2014) 372–383.
[38] A. Dave, C. Cooley, M. Garg, A. Bianchi, Protein phosphatase 1 recruitment by Rif1
regulates DNA replication origin firing by counteracting DDK activity, Cell Rep. 7
(1) (2014) 53–61.
[39] S.I. Hiraga, T. Ly, J. Garzón, Z. Hořejší, Y.N. Ohkubo, A. Endo, C. Obuse,
S.J. Boulton, A.I. Lamond, A.D. Donaldson, Human RIF1 and protein phosphatase
1 stimulate DNA replication origin licensing but suppress origin activation, EMBO
Rep. (2017) e201641983.
[40] O. Schub, G. Rohaly, R.W. Smith, A. Schneider, S. Dehde, I. Dornreiter,
H.P. Nasheuer, Multiple phosphorylation sites of DNA polymerase α-primase co-
operate to regulate the initiation of DNA replication in vitro, J. Biol. Chem. 276
(41) (2001) 38076–38083.
[41] C. Voitenleitner, E. Fanning, H.P. Nasheuer, Phosphorylation of DNA polymerase
α-primase by cyclin A-dependent kinases regulates initiation of DNA replication in
vitro, Oncogene 14 (13) (1997) 1611.
[42] I. Frouin, M. Toueille, E. Ferrari, I. Shevelev, U. Hübscher, Phosphorylation of
human DNA polymerase λ by the cyclin-dependent kinase Cdk2/cyclin A complex
is modulated by its association with proliferating cell nuclear antigen, Nucleic
Acids Res. 33 (16) (2005) 5354–5361.
[43] Z. Gao, D.J. Maloney, L.M. Dedkova, S.M. Hecht, Inhibitors of DNA polymerase β:
activity and mechanism, Bioorg. Med. Chem. 16 (8) (2008) 4331–4340.
[44] K.H. Hansen, A.P. Bracken, D. Pasini, N. Dietrich, S.S. Gehani, A. Monrad,
J. Rappsilber, M. Lerdrup, K. Helin, A model for transmission of the H3K27me3
epigenetic mark, Nat. Cell Biol. 10 (11) (2008) 1291.
[45] I.J. de Castro, J. Budzak, M.L. di Giacinto, L. Ligammari, E. Gokhan, C. Spanos,
D. Moralli, C. Richardson, J.I. de las Heras, S. Salatino, E.C. Schirmer, K.S. Ullman,
W.A. Bickmore, C. Green, J. Rappsilber, S. Lamble, P. Vagnarelli, Repo-Man/PP1
regulates heterochromatin formation in interphase, Nat. Commun. 8 (2017)
14048.
[46] A.J. Bannister, T. Kouzarides, Regulation of chromatin by histone modifications,
Cell Res. 21 (3) (2011) 381.
[47] A.A. Goodarzi, J.C. Jonnalagadda, P. Douglas, D. Young, R. Ye, G.B. Moorhead,
S.P. Lees-Miller, K.K. Khanna, Autophosphorylation of ataxia-telangiectasia mu-
tated is regulated by protein phosphatase 2A, EMBO J. 23 (22) (2004) 4451–4461.
[48] A. Ali, J. Zhang, S. Bao, I. Liu, D. Otterness, N.M. Dean, R.T. Abraham, X.F. Wang,
Requirement of protein phosphatase 5 in DNA-damage-induced ATM activation,
Genes Dev. 18 (3) (2004) 249–254.
[49] S. Shreeram, W.K. Hee, O.N. Demidov, C. Kek, H. Yamaguchi, A.J. Fornace,
C.W. Anderson, E. Appella, D.V. Bulavin, Regulation of ATM/p53-dependent
suppression of myc-induced lymphomas by Wip1 phosphatase, J. Exp. Med. 203
(13) (2006) 2793–2799.
[50] M. Shimada, M. Nakanishi, Response to DNA damage: why do we need to focus on
protein phosphatases? Front. Oncol. 7 (8) (2013).
[51] B. Lesage, J. Qian, M. Bollen, Spindle checkpoint silencing: PP1 tips the balance,
Curr. Biol. 21 (21) (2011) R898–R903.
[52] G. Vallardi, M.H. Cordeiro, A.T. Saurin, A kinase-phosphatase network that reg-
ulates kinetochore-microtubule attachments and the SAC, Centromeres and
Kinetochores, Progress in Molecular and Subcellular Biology, Springer, Cham,
2017, pp. 457–484.
[53] M.C. Silva, D.L. Bodor, M.E. Stellfox, N.M. Martins, H. Hochegger, D.R. Foltz,
L.E. Jansen, Cdk activity couples epigenetic centromere inheritance to cell cycle
progression, Dev. Cell 22 (1) (2012) 52–63.
[54] N. Kunitoku, T. Sasayama, T. Marumoto, D. Zhang, S. Honda, O. Kobayashi,
K. Hatakeyama, Y. Ushio, H. Saya, T. Hirota, CENP-A phosphorylation by aurora-a
in prophase is required for enrichment of aurora-B at inner centromeres and for
kinetochore function, Dev. Cell 5 (6) (2003) 853–864.
[55] S.G. Zeitlin, R.D. Shelby, K.F. Sullivan, CENP-A is phosphorylated by aurora B
kinase and plays an unexpected role in completion of cytokinesis, J. Cell Biol. 155
(7) (2001) 1147–1158.
[56] D. Goutte-Gattat, M. Shuaib, K. Ouararhni, T. Gautier, D.A. Skoufias, A. Hamiche,
S. Dimitrov, Phosphorylation of the CENP-A amino-terminus in mitotic cen-
tromeric chromatin is required for kinetochore function, Proc. Natl. Acad. Sci. 110
(21) (2013) 8579–8584.
[57] Z. Yu, X. Zhou, W. Wang, W. Deng, J. Fang, H. Hu, Z. Wang, S. Li, L. Cui, J. Shen,
L. Zhai, S. Peng, J. Wong, S. Dong, Z. Yuan, G. Ou, X. Zhang, P. Xu, L. Zhai,
Dynamic phosphorylation of CENP-A at Ser68 orchestrates its cell-cycle-dependent
deposition at centromeres, Dev. Cell (2015) 68–81.
[58] D. Goutte-Gattat, M. Shuaib, K. Ouararhni, T. Gautier, D.A. Skoufias, A. Hamiche,
S. Dimitrov, Phosphorylation of the CENP-A amino-terminus in mitotic cen-
tromeric chromatin is required for kinetochore function, Proc. Natl. Acad. Sci. 110
(21) (2013) 8579–8584.
[59] A.E. Kelly, C. Ghenoiu, J.Z. Xue, C. Zierhut, H. Kimura, H. Funabiki, Survivin reads
phosphorylated histone H3 threonine 3 to activate the mitotic kinase Aurora B,
Science 330 (6001) (2010) 235–239.
[60] A.A. Jeyaprakash, C. Basquin, U. Jayachandran, E. Conti, Structural basis for the
recognition of phosphorylated histone h3 by the survivin subunit of the chromo-
somal passenger complex, Structure 19 (11) (2011) 1625–1634.
[61] S.A. Kawashima, Y. Yamagishi, T. Honda, K.I. Ishiguro, Y. Watanabe,
Phosphorylation of H2A by Bub1 prevents chromosomal instability through lo-
calizing shugoshin, Science 327 (5962) (2010) 172–177.
[62] J. Haase, A. Stephens, J. Verdaasdonk, E. Yeh, K. Bloom, Bub1 kinase and Sgo1
modulate pericentric chromatin in response to altered microtubule dynamics,
Curr. Biol. 22 (6) (2012) 471–481.
[63] P. Vagnarelli, S. Ribeiro, L. Sennels, L. Sanchez-Pulido, F. de Lima Alves,
T. Verheyen, D.A. Kelly, C.P. Ponting, J. Rappsilber, W.C. Earnshaw, Repo-man
coordinates chromosomal reorganization with nuclear envelope reassembly
during mitotic exit, Dev. Cell 21 (2) (2011) 328–342.
[64] J. Qian, B. Lesage, M. Beullens, A. van Eynde, M. Bollen, PP1/Repo-man depho-
sphorylates mitotic histone H3 at T3 and regulates chromosomal aurora B tar-
geting, Curr. Biol. 21 (9) (2011) 766–773.
[65] S. Hausmann, S. Shuman, Characterization of the CTD phosphatase Fcp1 from
fission yeast preferential dephosphorylation of serine 2 versus serine 5, J. Biol.
Chem. 277 (24) (2002) 21213–21220.
[66] A. Meinhart, T. Kamenski, S. Hoeppner, S. Baumli, P. Cramer, A structural per-
spective of CTD function, Genes Dev. 19 (12) (2005) 1401–1415.
[67] A. Ciurciu, L. Duncalf, V. Jonchere, N. Lansdale, O. Vasieva, P. Glenday,
A. Rudenko, E. Vissi, N. Cobbe, L. Alphey, D. Bennett, PNUTS/PP1 regulates
RNAPII-mediated gene expression and is necessary for developmental growth,
PLoS Genet. 9 (10) (2013) e1003885.
[68] D.W. Zhang, A.L. Mosley, S.R. Ramisetty, J.B. Rodríguez-Molina, M.P. Washburn,
A.Z. Ansari, Ssu72 phosphatase-dependent erasure of phospho-Ser7 marks on the
RNA polymerase II C-terminal domain is essential for viability and transcription
termination, J. Biol. Chem. 287 (11) (2012) 8541–8551.
[69] A. Valin, J. Ouyang, G. Gill, Transcription factor Sp3 represses expression of
p21CIP1 via inhibition of productive elongation by RNA polymerase II, Mol. Cell.
Biol. 33 (8) (2013) 1582–1593.
[70] J.E. Mayfield, N.T. Burkholder, Y.J. Zhang, Dephosphorylating eukaryotic RNA
polymerase II, Biochim. Biophys. Acta (BBA)-Proteins Proteomics 1864 (4) (2016)
372–387.
[71] T. Verheyen, J. Görnemann, I. Verbinnen, S. Boens, M. Beullens, A. van Eynde,
M. Bollen, Genome-wide promoter binding profiling of protein phosphatase-1 and
its major nuclear targeting subunits, Nucleic Acids Res. 43 (12) (2015)
5771–5784.
[72] N. Minnebo, J. Görnemann, N. O'Connell, N. van Dessel, R. Derua, M.W. Vermunt,
R. Page, M. Beullens, M. Peti, A. van Eynde, M. Bollen, NIPP1 maintains EZH2
phosphorylation and promoter occupancy at proliferation-related target genes,
Nucleic Acids Res. 41 (2) (2012) 842–854.
[73] N. van Dessel, L. Beke, J. Görnemann, N. Minnebo, M. Beullens, N. Tanuma,
R.S. Gil, P. Vagnarelli BBA - Molecular Cell Research 1866 (2019) 90–101
99
H. Shima, A. van Eynde, M. Bollen, The phosphatase interactor NIPP1 regulates
the occupancy of the histone methyltransferase EZH2 at Polycomb targets, Nucleic
Acids Res. 38 (21) (2010) 7500–7512.
[74] D. Rossetto, N. Avvakumov, J. Côté, Histone phosphorylation: a chromatin mod-
ification involved in diverse nuclear events, Epigenetics 7 (10) (2012) 1098–1108.
[75] M.J. Hendzel, Y. Wei, M.A. Mancini, A. van Hooser, T. Ranalli, B.R. Brinkley,
D.P. Bazett-Jones, C.D. Allis, Mitosis-specific phosphorylation of histone H3 in-
itiates primarily within pericentromeric heterochromatin during G2 and spreads in
an ordered fashion coincident with mitotic chromosome condensation,
Chromosoma 106 (1997) 348–360.
[76] Y. Yamagishi, T. Honda, Y. Tanno, Y. Watanabe, Two histone marks establish the
inner centromere and chromosome bi-orientation, Science 330 (6001) (2010)
239–243.
[77] J. Qian, M. Beullens, J. Huang, S. de Munter, B. Lesage, M. Bollen, Cdk1 orders
mitotic events through coordination of a chromosome-associated phosphatase
switch, Nat. Commun. 6 (2015) 10215.
[78] G.S. Kumar, E. Gokhan, S. de Munter, M. Bollen, P. Vagnarelli, W. Peti, R. Page,
The Ki-67 and RepoMan mitotic phosphatases assemble via an identical, yet novel
mechanism, elife (2016) 5.
[79] Z. Xu, H. Ogawa, P. Vagnarelli, J.H. Bergmann, D.F. Hudson, S. Ruchaud,
T. Fukagawa, W.C. Earnshaw, K. Samejima, INCENP–aurora B interactions mod-
ulate kinase activity and chromosome passenger complex localization, J. Cell Biol.
187 (5) (2009) 637–653.
[80] B.G. Mellone, L. Ball, N. Suka, M.R. Grunstein, J.F. Partridge, R.C. Allshire,
Centromere silencing and function in fission yeast is governed by the amino ter-
minus of histone H3, Curr. Biol. 13 (20) (2003) 1748–1757.
[81] J.Y. Hsu, Z.W. Sun, X. Li, M. Reuben, K. Tatchell, D.K. Bishop, J.M. Grushcow,
C.J. Brame, J.A. Caldwell, D.F. Hunt, R. Lin, M.M. Smith, C.D. Allis, Mitotic
phosphorylation of histone H3 is governed by Ipl1/aurora kinase and Glc7/PP1
phosphatase in budding yeast and nematodes, Cell 102 (3) (2000) 279–291.
[82] U. Preuss, G. Landsberg, K.H. Scheidtmann, Novel mitosis-specific phosphoryla-
tion of histone H3 at Thr11 mediated by Dlk/ZIP kinase, Nucleic Acids Res. 31 (3)
(2003) 878–885.
[83] S.Y. Roth, C.D. Allis, Chromatin condensation: does histone H1 dephosphorylation
play a role? Trends Biochem. Sci. 17 (3) (1992) 93–98.
[84] T.K. Hale, A. Contreras, A.J. Morrison, R.E. Herrera, Phosphorylation of the linker
histone H1 by CDK regulates its binding to HP1α, Mol. Cell 22 (5) (2006)
693–699.
[85] Y. Dou, M.A. Gorovsky, Phosphorylation of linker histone H1 regulates gene ex-
pression in vivo by creating a charge patch, Mol. Cell 6 (2) (2000) 225–231.
[86] J.A. Downs, N.F. Lowndes, S.P. Jackson, A role for Saccharomyces cerevisiae histone
H2A in DNA repair, Nature 408 (6815) (2000) 1001.
[87] E.P. Rogakou, D.R. Pilch, A.H. Orr, V.S. Ivanova, W.M. Bonner, DNA double-
stranded breaks induce histone H2AX phosphorylation on serine 139, J. Biol.
Chem. 273 (10) (1998) 5858–5868.
[88] M. Salzano, M. Sanz-García, D.M. Monsalve, D.S. Moura, P.A. Lazo, VRK1 chro-
matin kinase phosphorylates H2AX and is required for foci formation induced by
DNA damage, Epigenetics 10 (5) (2015) 373–383.
[89] R. Shroff, A. Arbel-Eden, D. Pilch, G. Ira, W.M. Bonner, J.H. Petrini, J.E. Haber,
M. Lichten, Distribution and dynamics of chromatin modification induced by a
defined DNA double-strand break, Curr. Biol. 14 (19) (2004) 1703–1711.
[90] M.C. Keogh, J.A. Kim, M. Downey, J. Fillingham, D. Chowdhury, J.C. Harrison,
M. Onishi, N. Datta, S. Galicia, A. Emili, J. Lieberman, X. Shen, S. Buratowski,
J.E. Haber, D. Durocher, J.F. Greenblatt, N.J. Krogan, A phosphatase complex that
dephosphorylates γH2AX regulates DNA damage checkpoint recovery, Nature 439
(7075) (2006) 497.
[91] D. Chowdhury, M.C. Keogh, H. Ishii, C.L. Peterson, S. Buratowski, J. Lieberman, γ-
H2AX dephosphorylation by protein phosphatase 2A facilitates DNA double-strand
break repair, Mol. Cell 20 (5) (2005) 801–809.
[92] L. Macůrek, A. Lindqvist, O. Voets, J. Kool, H.R. Vos, R.H. Medema, Wip1 phos-
phatase is associated with chromatin and dephosphorylates γH2AX to promote
checkpoint inhibition, Oncogene 29 (15) (2010) 2281.
[93] S.H. Moon, L. Lin, X. Zhang, T.A. Nguyen, Y. Darlington, A.S. Waldman, X. Lu,
L.A. Donehower, Wild-type p53-induced phosphatase 1 dephosphorylates histone
variant γ-H2AX and suppresses DNA double strand break repair, J. Biol. Chem.
285 (17) (2010) 12935–12947.
[94] D. Chowdhury, X. Xu, X. Zhong, F. Ahmed, J. Zhong, J. Liao, D.M. Dykxhoorn,
D.M. Weinstock, G.P. Pfeifer, J. Lieberman, A PP4-phosphatase complex depho-
sphorylates γ-H2AX generated during DNA replication, Mol. Cell 31 (3) (2008)
33–46.
[95] P. Douglas, J. Zhong, R. Ye, G.B. Moorhead, X. Xu, S.P. Lees-Miller, Protein
phosphatase 6 interacts with the DNA-dependent protein kinase catalytic subunit
and dephosphorylates γ-H2AX, Mol. Cell. Biol. 30 (6) (2010) 1368–1381.
[96] A.C. Harvey, S.P. Jackson, J.A. Downs, Saccharomyces cerevisiae histone H2A
Ser122 facilitates DNA repair, Genetics 170 (2) (2005) 543–553.
[97] A.A. Hatimy, M.J. Browne, A. Flaus, S.M. Sweet, Histone H2AX Y142 phosphor-
ylation is a low abundance modification, Int. J. Mass Spectrom. 391 (2015)
139–145.
[98] A. Xiao, H. Li, D. Shechter, S. Ahn, L. Fabrizio, E.-B. Hediye, I.-M. Satoko, W. Bin,
T. Paul, K. Hofmann, D.J. Patel, S.J. Elledge, C.D. Allis, WSTF regulates the H2A. X
DNA damage response via a novel tyrosine kinase activity, Nature 457 (7225)
(2009) 57.
[99] M. Shimada, H. Niida, D.H. Zineldeen, H. Tagami, M. Tanaka, H. Saito,
M. Nakanishi, Chk1 is a histone H3 threonine 11 kinase that regulates DNA da-
mage-induced transcriptional repression, Cell 132 (2) (2008) 221–232.
[100] C. Dinant, A.B. Houtsmuller, W. Vermeulen, Chromatin structure and DNA
damage repair, Epigenetics Chromatin 1 (1) (2008) 9.
[101] W.L. Cheung, F.B. Turner, T. Krishnamoorthy, B. Wolner, S.H. Ahn, M. Foley,
J.A. Dorsey, C.L. Peterson, S.L. Berger, C.D. Allis, Phosphorylation of histone H4
serine 1 during DNA damage requires casein kinase II in S. cerevisiae, Curr. Biol.
15 (7) (2005) 656–660.
[102] R.T. Utley, N. Lacoste, O. Jobin-Robitaille, S. Allard, J. Côté, Regulation of NuA4
histone acetyltransferase activity in transcription and DNA repair by phosphor-
ylation of histone H4, Mol. Cell. Biol. 25 (18) (2005) 8179–8190.
[103] M.B. Hossain, R. Shifat, D.G. Johnson, M.T. Bedford, K.R. Gabrusiewicz, N. Cortes-
Santiago, X. Luo, Z. Lu, R. Ezhilarasan, E.P. Sulman, H. Jiang, S.S.C. Li, F.F. Lang,
J. Tyler, M. Hung, J. Fueyo, C. Gomez-Manzano, TIE2-mediated tyrosine phos-
phorylation of H4 regulates DNA damage response by recruiting ABL1, Sci. Adv. 2
(4) (2016) e1501290.
[104] D.N. Chadee, M.J. Hendzel, C.P. Tylipski, C.D. Allis, D.P. Bazett-Jones,
J.A. Wright, J.R. Davie, Increased Ser-10 phosphorylation of histone H3 in mi-
togen-stimulated and oncogene-transformed mouse fibroblasts, J. Biol. Chem. 274
(35) (1999) 24914–24920.
[105] P.N.I. Lau, P. Cheung, Histone code pathway involving H3 S28 phosphorylation
and K27 acetylation activates transcription and antagonizes polycomb silencing,
Proc. Natl. Acad. Sci. 108 (7) (2011) 2801–2806.
[106] H.S. Choi, B.Y. Choi, Y.Y. Cho, H. Mizuno, B.S. Kang, A.M. Bode, Z. Dong,
Phosphorylation of histone H3 at serine 10 is indispensable for neoplastic cell
transformation, Cancer Res. 65 (13) (2005) 5818–5827.
[107] G. Reyes, M. Niederst, K. Cohen-Katsenelson, J.D. Stender, M.T. Kunkel, M. Chen,
J. Brognard, E. Sierecki, T. Gao, D.G. Nowak, L.C. Trotman, C.K. Glass,
A.C. Newton, Pleckstrin homology domain leucine-rich repeat protein phospha-
tases set the amplitude of receptor tyrosine kinase output, Proc. Natl. Acad. Sci.
111 (38) (2014) E3957–E3965.
[108] C.M. Kinney, U.M. Chandrasekharan, L. Yang, J. Shen, M. Kinter, M.S. McDermott,
P.E. Dicorleto, Histone H3 as a novel substrate for MAP kinase phosphatase-1, Am.
J. Phys. Cell Phys. 296 (2) (2009) C242–C249.
[109] E. Metzger, N. Yin, M. Wissmann, N. Kunowska, K. Fischer, N. Friedrichs,
D. Patnaik, J.M.G. Higgins, N. Potier, K. Scheidtmann, R. Buettner, R. Schüle,
Phosphorylation of histone H3 at threonine 11 establishes a novel chromatin mark
for transcriptional regulation, Nat. Cell Biol. 10 (1) (2008) 53.
[110] E. Metzger, A. Imhof, D. Patel, P. Kahl, K. Hoffmeyer, N. Friedrichs, J.M. Müller,
H. Greschik, J. Kirfel, S. Ji, N. Kunowska, C. Beisenherz-Huss, T. Günther,
R. Buettner, R. Schüle, Phosphorylation of histone H3T6 by PKCβ I controls de-
methylation at histone H3K4, Nature 464 (7289) (2010) 792.
[111] M.A. Dawson, A.J. Bannister, B. Göttgens, S.D. Foster, T. Bartke, A.R. Green,
T. Kouzarides, JAK2 phosphorylates histone H3Y41 and excludes HP1α from
chromatin, Nature 461 (7265) (2009) 819.
[112] K. Baksa, H. Morawietz, V. Dombradi, M. Axton, H. Taubert, G. Szabo, I. Török,
A. Udvardy, H. Gyurkovics, B. Szöör, Mutations in the protein phosphatase 1 gene
at 87B can differentially affect suppression of position-effect variegation and mi-
tosis in Drosophila melanogaster, Genetics 135 (1) (1993) 117–125.
[113] M. Lachner, D. O'carroll, S. Rea, K. Mechtler, T. Jenuwein, Methylation of histone
H3 lysine 9 creates a binding site for HP1 proteins, Nature 410 (6824) (2001) 116.
[114] W. Fischle, B.S. Tseng, H.L. Dormann, B.M. Ueberheide, B.A. Garcia,
J. Shabanowitz, D.F. Hunt, H. Funabiki, C.D. Allis, Regulation of HP1–chromatin
binding by histone H3 methylation and phosphorylation, Nature 438 (7071)
(2005) 1116.
[115] T. Hirota, J.J. Lipp, B.H. Toh, J.M. Peters, Histone H3 serine 10 phosphorylation
by Aurora B causes HP1 dissociation from heterochromatin, Nature 438 (7071)
(2005) 1176.
[116] S. Machida, Y. Takizawa, M. Ishimaru, Y. Sugita, S. Sekine, J.I. Nakayama,
M. Wolf, H. Kurumizaka, Structural basis of heterochromatin formation by human
HP1, Molecular Cell, 2018.
[117] S. Aranda, G. Mas, L. di Croce, Regulation of gene transcription by Polycomb
proteins, Sci. Adv. 1 (11) (2015) e1500737.
[118] G. Nishibuchi, S. Machida, A. Osakabe, H. Murakoshi, K. Hiragami-Hamada,
R. Nakagawa, W. Fischle, Y. Nishimura, H. Kurumizaka, H. Tagami,
J.I. Nakayama, N-terminal phosphorylation of HP1α increases its nucleosome-
binding specificity, Nucleic Acids Res. 42 (20) (2014) 12498–12511.
[119] T. Zhao, T. Heyduk, J.C. Eissenberg, Phosphorylation site mutations in hetero-
chromatin protein 1 (HP1) reduce or eliminate silencing activity, J. Biol. Chem.
276 (12) (2001) 9512–9518.
[120] A. Shimada, K. Dohke, M. Sadaie, K. Shinmyozu, J.I. Nakayama, T. Urano,
Y. Murakami, Phosphorylation of Swi6/HP1 regulates transcriptional gene silen-
cing at heterochromatin, Genes Dev. 23 (1) (2009) 18–23.
[121] Q. Jin, A. van Eynde, M. Beullens, N. Roy, G. Thiel, W. Stalmans, M. Bollen, The
protein phosphatase-1 (PP1) regulator, nuclear inhibitor of PP1 (NIPP1), interacts
with the polycomb group protein, embryonic ectoderm development (EED), and
functions as a transcriptional repressor, J. Biol. Chem. 278 (33) (2003)
30677–30685.
[122] M. Nuytten, L. Beke, A. van Eynde, H. Ceulemans, M. Beullens, P. van Hummelen,
F. Fuks, M. Bollen, The transcriptional repressor NIPP1 is an essential player in
EZH2-mediated gene silencing, Oncogene 27 (10) (2008) 1449.
[123] K. Mahajan, B. Fang, J.M. Koomen, N.P. Mahajan, H2B Tyr37 phosphorylation
suppresses expression of replication-dependent core histone genes, Nat. Struct.
Mol. Biol. 19 (9) (2012) 930.
[124] G.P. Delcuve, S. He, J.R. Davie, Mitotic partitioning of transcription factors, J.
Cell. Biochem. 105 (1) (2008) 1–8.
[125] K.C. Palozola, G. Donahue, H. Liu, G.R. Grant, J.S. Becker, A. Cote, H. Yu, A. Raj,
K.S. Zaret, Mitotic transcription and waves of gene reactivation during mitotic
exit, Science 358 (6359) (2017) 119–122.
R.S. Gil, P. Vagnarelli BBA - Molecular Cell Research 1866 (2019) 90–101
100
[126] B. Lüscher, R.N. Eisenman, Mitosis-specific phosphorylation of the nuclear onco-
proteins Myc and Myb, J. Cell Biol. 118 (4) (1992) 775–784.
[127] E. Yeh, M. Cunningham, H. Arnold, D. Chasse, T. Monteith, G. Ivaldi, W.C. Hahn,
P.T. Stukenberg, S. Shenolikar, T. Uchida, C.M. Counter, J.R. Nevins, A.R. Means,
R. Sears, A signalling pathway controlling c-Myc degradation that impacts onco-
genic transformation of human cells, Nat. Cell Biol. 6 (4) (2004) 308.
[128] H.K. Arnold, R.C. Sears, Protein phosphatase 2A regulatory subunit B56α associ-
ates with c-Myc and negatively regulates c-Myc accumulation, Mol. Cell. Biol. 26
(7) (2006) 2832–2844.
[129] W. Sun, Y. Yu, G. Dotti, T. Shen, X. Tan, B. Savoldo, A.K. Passa, M. Chuc, D. Zhang,
X. Lu, S. Fu, X. Lin, J. Yang, PPM1A and PPM1B act as IKKβ phosphatases to
terminate TNFα-induced IKKβ-NF-κB activation, Cell. Signal. 21 (1) (2009)
95–102.
[130] M.C.T. Hu, Q. Tang-Oxley, W.R. Qiu, Y.P. Wang, K.A. Mihindukulasuriya,
R. Afshar, T.H. Tan, Protein phosphatase X interacts with c-Rel and stimulates c-
Rel/nuclear factor κB activity, J. Biol. Chem. 273 (50) (1998) 33561–33565.
[131] D. Jantz, J.M. Berg, Reduction in DNA-binding affinity of Cys2His2 zinc finger
proteins by linker phosphorylation, Proc. Natl. Acad. Sci. U. S. A. 101 (20) (2004)
7589–7593.
[132] R. Rizkallah, K.E. Alexander, M.M. Hurt, Global mitotic phosphorylation of C2H2
zinc finger protein linker peptides, Cell Cycle 10 (19) (2011) 3327–3336.
[133] I. Lacroix, C. Lipcey, J. Imbert, B. Kahn-Perlès, Sp1 transcriptional activity is up-
regulated by phosphatase 2A in dividing T lymphocytes, J. Biol. Chem. 277 (11)
(2002) 9598–9605.
[134] A. Vicart, T. Lefebvre, J. Imbert, A. Fernandez, B. Kahn-Perlès, Increased chro-
matin association of Sp1 in interphase cells by PP2A-mediated depho-
sphorylations, J. Mol. Biol. 364 (5) (2006) 897–908.
[135] S. Shimoyama, S. Kasai, B. Kahn-Perlès, H. Kikuchi, Dephosphorylation of Sp1 at
Ser-59 by protein phosphatase 2A (PP2A) is required for induction of CYP1A1
transcription after treatment with 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin or ome-
prazole, Biochim. Biophys. Acta (BBA)-Gene Regul. Mech. 1839 (2) (2014)
107–115.
[136] D.J. Freeman, A.G. Li, G. Wei, H.H. Li, N. Kertesz, R. Lesche, A.D. Whale,
H. Martinez-Diaz, N. Rozengurt, R.D. Cardiff, X. Liu, H. Wu, PTEN tumor sup-
pressor regulates p53 protein levels and activity through phosphatase-dependent
and-independent mechanisms, Cancer Cell 3 (2) (2003) 117–130.
[137] K.H. Scheidtmann, M.C. Mumby, K. Rundell, G. Walter, Dephosphorylation of si-
mian virus 40 large-T antigen and p53 protein by protein phosphatase 2A: in-
hibition by small-t antigen, Mol. Cell. Biol. 11 (4) (1991) 1996–2003.
[138] J. Yatsunami, A. Komori, T. Ohta, M. Suganuma, H. Fujiki, Hyperphosphorylation
of retinoblastoma protein and p53 by okadaic acid, a tumor promoter, Cancer Res.
53 (2) (1993) 239–241.
[139] J. Mi, E. Bolesta, D.L. Brautigan, J.M. Larner, PP2A regulates ionizing radiatio-
n–induced apoptosis through Ser46 phosphorylation of p53, Mol. Cancer Ther. 8
(1) (2009) 135–140.
[140] M. Haneda, E. Kojima, A. Nishikimi, T. Hasegawa, I. Nakashima, K.I. Isobe, Protein
phosphatase 1, but not protein phosphatase 2A, dephosphorylates DNA-damaging
stress-induced phospho-serine 15 of p53, FEBS Lett. 567 (2–3) (2004) 171–174.
[141] V. Radha, C. Sudhakar, G. Swarup, Induction of p53 dependent apoptosis upon
overexpression of a nuclear protein tyrosine phosphatase, FEBS Lett. 453 (3)
(1999) 308–312.
[142] M. Berry, W. Gehring, Phosphorylation status of the SCR homeodomain de-
termines its functional activity: essential role for protein phosphatase 2A, B′,
EMBO J. 19 (12) (2000) 2946–2957.
[143] H. Moazzen, R. Rosenfeld, A. Percival-Smith, Non-requirement of a regulatory
subunit of protein phosphatase 2A, PP2A-B′, for activation of sex comb reduced
activity in Drosophila melanogaster, Mech. Dev. 126 (8) (2009) 605–610.
[144] A. Zandvakili, B. Gebelein, Mechanisms of specificity for Hox factor activity, J.
Dev. Biol. 4 (2) (2016) 16.
[145] J. Shin, T.W. Kim, H. Kim, H.J. Kim, M.Y. Suh, S. Lee, J. Lee, H. Jang, E. Cho,
H. Jang, Aurkb/PP1-mediated resetting of Oct4 during the cell cycle determines
the identity of embryonic stem cells, elife (2016) 5.
[146] H.J. Kim, J. Shin, S. Lee, T.W. Kim, H. Jang, M.Y. Suh, J.H. Kim, I.Y. Hwang, D. Su,
H.E. Cho, H.D. Youn, Cyclin-dependent kinase 1 activity coordinates the chro-
matin associated state of Oct4 during cell cycle in embryonic stem cells, Nucleic
Acids Res. (2018).
[147] J. Brumbaugh, Z. Hou, J.D. Russell, S.E. Howden, P. Yu, A.R. Ledvina, J.J. Coon,
J.A. Thomson, Phosphorylation regulates human OCT4, Proc. Natl. Acad. Sci. 109
(19) (2012) 7162–7168.
R.S. Gil, P. Vagnarelli BBA - Molecular Cell Research 1866 (2019) 90–101
101
